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Abstract Worldwide, marine rocky shores are being
modified by alien species, but their successive impacts
are rarely recorded. We documented sequential inva-
sions of Marcus Island on the west coast of South
Africa by comparing communities from 1980 (pre-
invasion), 2001 (after invasion by the mussel Mytilus
galloprovincialis) and 2012 (following invasions by
another mussel, Semimytilus algosus, and the barnacle
Balanus glandula). Their influence on habitat com-
plexity was measured with a novel technique enabling
retrospective calculation of historical complexity. In
1980, habitat complexity, invertebrate abundance and
species richness decreased from the low-shore to the
high-shore, but homogenised in 2001 after M. gallo-
provincialis elevated habitat complexity across most
of the shore. In 2012, these variables returned to pre-
invasion patterns, after M. galloprovincialis declined
in the high-shore and was replaced there by B.
glandula. With the first mussel invasion, several
indigenous species extended up the intertidal, but
retreated once M. galloprovincialis receded. Commu-
nity composition differed significantly among nearly
all years and zones, irrespective of whether the alien
species were included in the analyses or not. Some
once-dominant native species were negatively
affected by the invasions: one indigenous mussel,
Choromytilus meridionalis, disappeared by 2012, and
another, Aulacomya atra, declined. The abundance of
recruits of the limpet Scutellastra granularis rose and
fell with the arrival and recession of M. galloprovin-
cialis, but adults were adversely affected. Changes to
habitat complexity induced by sequential invasions
supported hypothesised changes in invertebrate abun-
dance and species richness, but could not alone predict
changes in community composition, which were also
influenced by zonation.
Keywords Balanus glandula  Ecosystem
engineering  Habitat complexity  Mytilus
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Introduction
Mytilid mussels are well studied as ecosystem engi-
neers (sensu Jones et al. 1994) in various habitats, and
have profound effects on community composition,
abundance and diversity. Aggregations of Mytilus
edulis generally increase species diversity, regardless
of the nature of the primary substratum (Commito and
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Boncavage 1989; Borthagaray and Carranza 2007;
Norling and Kautsky 2008). In South Africa, the alien
mussel Mytilus galloprovincialis forms three-dimen-
sional matrices on rocky shores, out-competing sev-
eral indigenous species for primary space (Steffani
and Branch 2005), although species diversity and
richness increase within its aggregations (Ruiz Sebas-
tián et al. 2002; Robinson et al. 2007a). Other mussel
species that increase biodiversity include Semimytilus
algosus on the Pacific coast of South America
(Tokeshi 1995; Tokeshi and Romero 1995), Perumy-
tilus purpuratus in Chile (Tokeshi 1995; Thiel and
Ullrich 2002; Valdivia and Thiel 2006) and the
invasive Musculista senhousia in California (Crooks
1998). The latter species also forms mats in New
Zealand but there it decreases abundance of infaunal
bivalves (Creese et al. 1997). Although not as
commonly studied as mussels, barnacles may also
act as engineers (Harley 2006; Harley and O’Riley
2011).
Along the west coast of South Africa the open coast
has experienced three major invasions in the last
40 years. Since the 1970s, M. galloprovincialis has
become the dominant intertidal species there (Mead
et al. 2011) but has also invaded much of the south
coast (Bownes and McQuaid 2006). Balanus glandula
has established itself as the prevalent high-shore
barnacle on the west coast (Laird and Griffiths 2008;
Hoffman et al. 2012). Invasion of the west coast by the
mussel S. algosuswas recognised only recently (Mead
et al. 2011), but it already dominates the low-shore on
much of the open coast (de Greef et al. 2013). Despite
their prolific spread, historical data prior to all three
invasions are only available from Marcus Island,
Saldanha Bay, which thus constitutes an important
case study of impacts resulting from successive
invasions by these dominant space-occupiers. In this
descriptive and correlative study, we used historical
data to elucidate how invasions may drive changes in
community composition via their effects on habitat
complexity, and to seek patterns that can later be
examined experimentally and through modelling. To
assess habitat complexity, we introduce a novel
procedure that allowed us to retrospectively recon-
struct historical patterns of complexity. Given the
changes in habitat complexity that we associated with
the arrivals of alien species, we could forecast, a priori,
the expected changes in diversity and abundance, and
then compare these expectations with the responses
that took place.
Our study tested three hypotheses. (1) Based on
work elsewhere (e.g. Crooks and Khim 1999) we
forecast that invertebrate abundance and species
diversity would increase or decrease depending on
whether the arrival of alien species respectively
increased or decreased habitat complexity. Specifi-
cally, we expected that habitat complexity would rise
with the arrival of M. galloprovincialis, but would
decline where it was subsequently replaced by the
structurally less complex B. glandula. (2) The addition
of a second alien mussel species, S. algosus, to an
already complex mussel-rich community would not
cause any significant changes to the community,
abundance or species richness, because its effects on
habitat complexity would be equivalent to those ofM.
galloprovincialis (Griffiths et al. 1992; Hammond and
Griffiths 2006). (3) Community composition of native
species would be successively altered by serial arrivals
of the alien invasive species, and the magnitude of the
changes would be proportional to the degree to which
the invaders altered habitat complexity.
Materials and methods
Samples were collected on the rocky intertidal shores
of Marcus Island, Saldanha Bay (3302.590S,
1758.260E) on the west coast of South Africa. The
site experiences wave forces averaging 11.3 (9103)
N/m2 (±1.8 SE, n = 10), measured with dynamom-
eters, placing it in the category of ‘exposed’ shores
(Steffani and Branch 2003). The maximal vertical
intertidal range is 1.95 m. To quantify changes in
biological communities through time, we used data
collected in 1980 and 2001 (Robinson et al. 2007a),
and samples collected in 2012. All samples were
collected in autumn to avoid effects of seasonality, and
six tidal zones were sampled. In descending order
down the shore these were: Zone 1, characterized by
the algae Porphyra spp.; Zone 2, dominated by Ulva
spp.; Zone 3, which comprised mostly bare rock due to
limpet grazing; Zone 4, characterized by Gigartina
and Sarcothalia spp.; Zones 5 and 6, occupied by
mussels and clumps of various species of macroalgae.
The respective mean tidal heights of these zones were
0.22, 0.63, 0.97, 1.20, 1.47 and 1.80 m.
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In 1980, 10–15 samples of motile and sessile
invertebrates were taken from each zone using
0.01 m2 quadrats. The exception was Zone 3, which
was at that stage dominated by sparse, large limpets,
where 27 quadrats, each 0.5 m2, were sampled. In
2001 and 2012, the same zones were sampled. Zone 5
could not be distinguished in 2012, but the area it
formally occupied was sampled and included in the
dataset. Seven samples were collected in each zone
using 0.01 m2 quadrats that were interspersed hori-
zontally between the positions of earlier samples. In
2012, samples in Zone 3 were photographed prior to
being cleared to facilitate counting of individual B.
glandula, which were often damaged during clearing
of the quadrats. To ensure equal sampling effort
among years, the seven samples taken in each zone in
2001 and 2012 were compared with seven randomly
selected samples drawn from the larger pool of
samples collected in 1980. This approach was vali-
dated by Robinson et al. (2007a) through the use of
sample-based rarefaction curves (Gotelli and Colwell
2001) and Chao2 estimates of total species richness,
which are independent of sample area (Chao 1987). As
in 1980, all quadrats were cleared, and all inverte-
brates found in them were identified and counted.
Algae were excluded, as comparable data were not
collected in 1980.
Prior to all univariate analyses, which were con-
ducted using STATISTICAVersion 10/11with a set at
0.05, normality was assessed with normal probability
plots, and homogeneity of variances from ratios of
maximum to minimum variances (Quinn and Keough
2002). Assumptions for parametric tests were not met,
and so subsequent analyses compared densities (indi-
viduals m-2) of selected indigenous species, habitat
complexity and Chao2 estimates of species richness
among zones within years, and among years within
zones, were based on Kruskal–Wallis multiple com-
parisons of ranks, or Mann–Whitney U tests with
Bonferroni corrections where appropriate. In cases
where zero values obscured significant differences
among zones or years, data were considered to be
significantly different if there was no overlap of twice
their standard errors.
Indigenous species that were likely to be impacted
by the invasions on Marcus Island were identified a
priori from published literature and personal observa-
tions, and their changes over time analysed individ-
ually. These species were Choromytilus meridionalis
(Griffiths 1980; Hockey and van Erkom Schurink
1992), Aulacomya atra (Griffiths et al. 1992; Branch
et al. 2008; Hockey and van Erkom Schurink 1992),
Scutellastra granularis (Griffiths et al. 1992; Branch
et al. 2008), Afrolittorina knysnaensis (Laird and
Griffiths 2008) and Onchidella maculata (personal
observation). As an independent test of the relation-
ship between A. knysnaensis densities and percentage
cover of B. glandula, 53 random 10 9 10 cm quadrats
were scored.
In the past, habitat complexity has been assessed
using various measures, including the substrate rug-
osity index or ‘chain-and-tape’ method (Risk 1972),
water displacement (Tsuchiya and Nishihira 1985),
fractal analysis (Commito and Rusignuolo 2000) and
most recently bidimensional rugosity index (Gestoso
et al. 2013). However, none of these methods can be
applied retroactively, and so we developed a new
method that allowed retrospective analysis by creating
virtual three-dimensional models using sculpting and
modifier tools in the program Blender 2.64 (Blender
Foundation 2012). These models comprised panels of
5 cm 9 5 cm to which realistic abundances and sizes
of dominant space-occupying species (the indigenous
species C. meridionalis, A. atra, S. granularis, and the
aliens M. galloprovincialis, B. glandula and S. algo-
sus) were added for each zone and time period, based
on samples collected on each occasion. The location
and orientation of the individuals were randomised in
the models to generate seven samples per zone per
year, allowing means and error terms to be calculated
and employed in statistical comparisons. Figure 1
exemplifies typical models that were generated per
zone in each year. To derive habitat complexity from
these virtual models, the volumes of empty space
(potential living space for infauna) within each model
were calculated using Blender. Zone 4 could not be
included in this analysis of habitat diversity because it
was initially dominated by algae, for which no
historical data exist.
Multivariate analyses were conducted in PRIMER
10 (Plymouth Marine Laboratory) using numerical
abundance per species. All analyses were performed
using non-standardised, fourth-root transformed data.
PERMANOVA distinguished significant differences
among communities using both ‘zone’ and ‘year’ as
factors. Multidimensional scaling (MDS) was used to
generate graphic representations of the differences
among communities recorded in the various years and
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zones, and the analyses were run both including and
excluding the alien species. SIMPER then resolved
which species were responsible for the observed
changes. Lastly, PERMDISP was used to determine
whether there were significant differences in homo-
geneity of multivariate dispersions among years.
Fig. 1 Three-dimensional models of rocky shore zones on
Marcus Island, depicting dominant space-occupying species on
5 9 5 cm2 quadrats (native: C. meridionalis, A. atra, S.
granularis; invasive: M. galloprovincialis, B. glandula, and S.
algosus) as sampled in 1980, 2001 and 2012. Models generated
in Blender 2.64
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Results
Abundance of alien species
No alien specieswere recorded onMarcus Island in 1980.
In 2001, Mytilus galloprovincialis was present in Zones
2–6 at mean densities ranging from 2,100 to 11,500 m-2
(Fig. 2). There were significantly fewerM. galloprovin-
cialis in Zone 4 than in the other zones (Kruskal–Wallis,
p\0.05 in all cases), but this was the only difference in
its abundance among zones in 2001. By 2012, M.
galloprovincialis had decreased significantly in abun-
dance in Zones 2–3 (Mann–Whitney, p\0.01 in both
cases) but did not change significantly inZones 4–6. Two
new alien species appeared by 2012. The acorn barnacle
B. glandula settled abundantly and exclusively in Zone 3
(10,200 m-2 ± 3,300 SE), largely replacing M. gallo-
provincialis so that the total abundance of alien species
did not change significantly between 2001 and 2012 in
that zone. The bisexual mussel, S. algosus, appeared in
Zones 4 (3,600 m-2 ± 1,600 SE), 5 (400 m-2 ± 100
SE) and 6 at the bottom of the shore (2,100 m-2 ± 500
SE). No alien species were ever detected at the top of the
shore in Zone 1.
Habitat complexity
In 1980, the top three intertidal zones largely comprised
bare rock with a sparse, flat cover of algae and small
numbers of native mussels and limpets (Fig. 1). The
picture changed in 2001 when multi-layered beds ofM.
galloprovincialis dominated Zones 2–6, with a few
previously dominant native species now found within
its beds; but in 2012M. galloprovincialis receded from
Zones 2–3 and was replaced by B. glandula in Zone 3.
Habitat complexitywas, accordingly, low in the three
uppermost zones in 1980 (Fig. 3a). The two lowermost
zones, which were at that stage covered respectively in
monolayered beds of the native mussels A. atra and C.
meridionalis, provided significantly greater levels of
structural complexity compared to the three uppermost
zones (Kruskal–Wallis, p\ 0.05 in all cases).
In 2001, all zones bar Zone 1 had become
overwhelmed byM. galloprovincialis, causing habitat
complexity to increase significantly in Zones 2–3
(Kruskal–Wallis, H = 13.36, p\ 0.01 and Kruskal–
Wallis, H = 17.82, p\ 0.001 respectively; Fig. 3b).
However, in Zone 5 where M. galloprovincialis
largely replaced A. atra, complexity decreased (Krus-
kal–Wallis, H = 17.82, p\ 0.01; Fig. 3b).
In 2012, the values of habitat complexity for Zones
1–3 resembled the low-complexity state that existed in
1980, with the diminishment of M. galloprovincialis
in Zones 2–3 and the appearance of B. glandula in
Zone 3. Habitat complexity thus again became
uniformly low in the top three zones, but increased
down the shore (Fig. 3c).
Total abundance
In 1980 the total number of individuals m-2 (Fig. 4a)was
uniformly low inZones 1–3 (Kruskal–Wallis, p[0.05 in
all cases) and significantly higher in the zones below
(b)
(a)
Fig. 2 Mean abundances of alien species compared among
zones in 2001, and 2012 (n = 7 for each zone). Alien species
were absent in 1980. SE shown for all groups combined. Letters
differ where zones were significantly different within years
(p\ 0.05). Arrows indicate significant increases or decreases
within zones from 1 year to the next (*p\ 0.05; **p\ 0.01;
***p\ 0.001; ns not significant)
Implications for community structure 1803
123
(Kruskal–Wallis, p\0.05 in all cases). The greatest
meandensitywas inZone5 (117,300 m-2 ± 51,900SE).
Total abundance rose significantly between 1980 and
2001 inZones 2 and 3, but decreased significantly inZone
5 (Fig. 4b). The original pattern of low overall abundance
in the highest intertidal zones and high abundance in the
lowest zones returned in 2012with a significant decline in
Zone 2 (Kruskal–Wallis, H = 15.28, p\0.05) and a
significant increase in Zone 6 (Kruskal–Wallis,
H = 12.14, p\0.05; Fig. 4c).
Considering native invertebrates alone, abundance
did not change between any of the periods in Zone 1 at
the top of the shore. There was an increase in densities
from 1980 to 2001 in Zones 2 and 3 (Kruskal–Wallis,
p\ 0.01 in both cases), and a significant decrease in
Zone 5 (Kruskal–Wallis, H = 13.45 p\ 0.01;
Fig. 4b). These changes homogenised abundance in
Zones 2–6. From 2001 to 2012, the total abundance of
indigenous individuals decreased significantly in Zone
2 (Kruskal–Wallis, H = 15.28, p\ 0.001), remained
high in Zones 3–5 (Kruskal–Wallis, p[ 0.05 in all
cases), and increased significantly in Zone 6 (Kruskal–
Wallis, H = 13.45, p\ 0.05), thus approaching the
original pattern observed in 1980.
Species richness
In 1980, a total of 74 species was recorded across the
entire shore. Species richness was low in Zones 1–3
and significantly greater further down the shore
(Kruskal–Wallis, p\ 0.05; Fig. 5). In 2001, relative
to 1980, species richness increased significantly in
Zones 2–3 and decreased significantly in Zone 5
(Kruskal–Wallis, p\ 0.001 in all cases), thus homog-
enising richness and decreasing beta-diversity across
the entire shore excluding the uppermost zone.
Gamma-diversity, however, decreased in 2001 as the
number of total species recorded dropped to 68. In
2012, there were 85 species in total and species
richness decreased in Zones 2–3 relative to 2001, but
did not change in the zones below (Kruskal–Wallis,
p[ 0.05). As a consequence, richness in the top three
zones was significantly lower than that further down
the shore (Kruskal–Wallis, p\ 0.05), and once again




Fig. 3 Habitat complexity estimates (mean ± SE) of potential
liveable space for infauna, compared among zones in 1980,
2001, and 2012. Zone 4 was omitted because of lack of data on
algae (see ‘‘Materials and methods’’ section). See caption to
Fig. 2 for further explanations
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Correlations with habitat complexity
The 1980 trend of low complexity in the three
uppermost zones and high complexity in the two
lowermost zones was mirrored by density and species
richness. Indeed, there were positive correlations
between habitat complexity and total abundance, and
between habitat complexity and Chao2 estimates of
species richness (Spearman rank correlations, r = 0.42
and r = 0.88 respectively, p\ 0.05 in both cases). In
2001, habitat complexity increased gradually down the
shore (Fig. 3b), unlike species richness and abundance,
and was correlated only with abundance (Spearman
rank correlations, r = 0.45, p\ 0.05). In 2012, habitat
complexity was, however, again positively correlated
with both abundance and species richness (Spearman
rank correlations, r = 0.87 and r = 0.73 respectively,
p\ 0.05 in both cases). Considering the three time
periods collectively, habitat complexity was positively
correlated with both abundance and diversity (Spear-
man rank correlations, r = 0.52 and 0.87 respectively,
p\ 0.05 in both cases).
Community composition
Several patterns emerged from the MDS analyses of
community composition (Fig. 6) and associated PER-
MANOVA and PERMDISP statistics. Firstly, there
were substantial differences between 1980 and 2001,
with 2012 lying between these 2 years. Significant
differences existed both among years within zones and
among zones within years (PERMANOVA, F = 29.2
and 29.6 respectively, p\ 0.0001 in both cases).
Secondly, dispersion of samples in 1980 was signif-
icantly greater than for samples taken in 2001
(PERMDISP, t = 5.61, p\ 0.001), and dispersion
increased significantly once again between 2001 and
2012 (t = 3.57, p\ 0.001). Samples collected in
1980 and 2012 did not differ in dispersion (t = 1.10,
p = 0.34). In short, dispersion was large in 1980,
narrowed with the arrival of M. galloprovincialis in
2001 and its occupation of most zones, and then
broadened again in 2012 as M. galloprovincialis
receded and was replaced by B. glandula in 2012.
This reflects an initial decrease and subsequent
increase in beta-diversity across zones. Measures of




Fig. 4 Mean abundance of all species (indigenous and alien
combined) compared among zones in 1980, 2001, and 2012.
Differential shading of bars separates aliens (lower sections of
bars) from native species (upper sections). See caption to Fig. 2
for further explanations




(a)Fig. 5 Left y-axis shows
Chao2 estimates
(mean ± SE) of species
richness compared among
zones in 1980, 2001, and




than by univariate tests. See
caption to Fig. 2 for further
explanations. Right y-axis
shows total number of
species for all zones per year
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(where aliens were always absent). Dispersion values
were 54.5 (±1.66 SE), 42.99 (±1.20 SE) and 51.56
(±2.12 SE) for 1980, 2001 and 2012 respectively.
Thirdly, communities in Zone 1 remained tightly
clustered in all years, and never differed significantly
(PERMANOVA p[ 0.05), indicative of the consis-
tency of this community in the ongoing absence of any
aliens. Fourthly, all of these outcomes were evident
irrespective of whether alien species were included or
excluded from the analyses (Fig. 3a, b). This is
important because it reflects the degree to which
changes in community composition were caused
simply by the arrival of aliens, versus alterations of
the native community.
In terms of the species associated with changes in
community composition, SIMPER identified that
inter-annual changes in Zone 2 resulted from the
arrival and subsequent decline ofM. galloprovincialis
and associated infauna, while changes in Zone 3 were
driven initially by the arrival of M. galloprovincialis
and later by its replacement by B. glandula. In Zone 3
changes recorded in 2001 reflected the loss of the
indigenous gastropods Eatoniella nigra and Tricolia
neritina and addition of numerous mussel-associated
polychaete species, which had until then been absent
from this previously relatively bare area. Changes in
2012 resulted from the arrival of S. algosus and
appearance of the anemone Pseudactinia flagellifera.
After being dominated by A. atra in 1980, Zone 5
became overrun by M. galloprovincialis in 2001. In
2012, A. atra and the isopod Dynamenella huttoni
were more prevalent than M. galloprovincialis. In
Zone 6 the arrival ofM. galloprovincialis in 2001 and
the corresponding loss of C. meridionalis drove initial
community changes, while the arrival of S. algosus
was responsible for changes in 2012.
Responses of individual species
The Southern periwinkle, A. knysnaensis, was present
in Zone 2 in all years. In 2001 it appeared lower down
the shore in Zones 3–4, but in 2012 it was again lost
from the lowermost of these (Fig. 7). With the
replacement of M. galloprovincialis by B. glandula
in Zone 3 in 2012, the numbers of A. knysnaensis rose
from 40 m-2 ± 20 SE 2001 to 700 m-2 ± 400 SE,
although this increase was not significant (Kruskal–
Wallis, p[ 0.05). Random samples taken on Zone 3
did, however, show that the density of A. knysnaensis
displayed a significant positive linear relationship with
the percentage cover of the barnacles (r2 = 0.69,
p\ 0.0001).
The pulmonate sea slug O. maculata was not
detected on the shore in 1980, but with the arrival of
M. galloprovincialis in 2001, it appeared at mean
densities spanning 800–3,100 m-2 in Zones 2–3
(Fig. 7). In 2012, it once again disappeared from the
shore, coincident with the retreat of M. galloprovin-
cialis from the relevant zones.
(a)
(b)
Fig. 6 MDS plots showing community composition for inter-
tidal zones in 1980, 2001 and 2012 a including and b excluding
alien species. Zone 1 and 2001 samples are encircled to
emphasise tight clustering without inferring any statistical
significance
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In 1980 Zone 3 was characterized by bare rock and
was occupied by low mean densities (3 m-2 ± 1 SE)
of large individuals of the grazing limpet S. granularis
(Fig. 7). Its abundance increased in this zone to
60 m-2 ± 40 SE in 2001 and 2012 with the appear-
ance of large numbers of recruits, while in Zone 4
recruits appeared in 2001 but declined in 2012.
Despite quite large changes in abundance, differences
among years were not significant (Kruskal–Wallis,
p[ 0.05 in all cases).
In 1980, the indigenous ribbed mussel A. atra was
found in the small numbers in Zones 2–4, but was
abundant in Zone 5, numbering 18,500 m-2 ± 2,200
SE (Fig. 7), and the population was predominated by
adults. In 2001, it declined significantly in Zone 5 to
500 m-2 ± 100 SE (Mann–Whitney, U = 0.00,
p\ 0.01; Fig. 7). In 2012 this zone could no longer
be distinguished as a separate entity, but the density of
A. atra remained at a level similar to that in 2001. In
Zone 6, A. atra supported significantly greater densi-
ties in 2012 compared to 1980 and 2001 (Kruskal–
Wallis, p\ 0.05 in both cases), but the population
then largely comprised recruits and small individuals.
Overall, A. atra therefore declined progressively,
while increasing in particular zones.
The indigenous black mussel C. meridionalis was
present in Zone 2 and Zones 4–6 in 1980, and was the
species most characteristic of the lowermost zone
(Fig. 7). Despite this, in 2001 it disappeared from the
two lowermost zones and diminished significantly in
Zone 4 (Kruskal–Wallis, p\ 0.01), and by 2012, it
was absent from the entire shore.
Fig. 7 Mean abundance of selected indigenous species (individuals m-2), recorded in 1980, 2001 and 2012 for each of Zones 2–6.
Zone 1 excluded as none of these species occurred there
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Discussion
Alien invasive species that are ecosystem engineers
significantly change the landscape into which they are
introduced, thereby altering the abundance and survival
of indigenous species (Jones et al. 1994; van Wes-
enbeeck et al. 2007; Pillay and Branch 2011). Our study
demonstrated that changes in habitat complexity asso-
ciated with the arrival and fluctuations of invasive
species were mirrored by changes in the abundance of
indigenous species and species richness. The increase in
habitat complexity that we recorded with the invasion
of M. galloprovincialis increased microhabitat avail-
ability (sensu Kovalenko et al. 2012), which led to
increases in overall abundance and diversity. Like
abundance, species richness can be expected to increase
if there are (1) species that are restricted to the newly
formed habitat for at least part of their life cycle (Wright
et al. 2002), and (2) the engineer can provide conditions
not available on primary substratum (Borthagaray and
Carranza 2007). Conversely, a decrease in habitat
complexity or generation of an unsuitable habitat by an
engineer can lead to a significant decrease in abundance
and species richness, as was found in Zones 2 and 3
when M. galloprovincialis receded in 2012 and B.
glandula replaced it in Zone 3, forming a less complex,
single layer. While Harley (2006) has previously
considered B. glandula to be an ecosystem engineer,
our study is the first to measure its influence on habitat
complexity. Harley and O’Riley (2011) have described
how the empty tests of B. glandula provide habitat for
various littorinid species in its native range. On some
South African shores, B. glandula tests fulfil the same
role for A. knysnaensis (Laird and Griffiths 2008), and
we also demonstrated a significant correlation between
the abundance of this littorinid and the cover of B.
glandula. In Zone 3, with the replacement of M.
galloprovincialis by B. glandula, the numbers of A.
knysnaensis increased 20-fold, although the changewas
not significant. Ours is the first study to record a
replacement of M. galloprovincialis by B. glandula in
the high-shore, but monitoring elsewhere on the west
coast of South Africa has shown that M. galloprovin-
cialis generally colonizes the mid- to low-shore, while
B. glandula adults are limited to the high-shore
(Hoffman et al. 2012), so competitive interactions
between the two for space are not likely to be the norm.
In contrast toM. galloprovincialis and B. glandula,
the third alien, S. algosus, did not have any appreciable
impact on habitat complexity. This may be because
there were relatively few individuals of S. algosus and
they were all found in complex Mytilus aggregations
rather than in a homogeneous matrix of their own. On
many open-coast South African shores, these two alien
mussels co-occur, but exhibit strong spatial separa-
tion: M. galloprovincialis builds aggregations in the
mid-shore while S. algosus forms dense beds in the
low-shore (de Greef et al. 2013). Given the small size
of S. algosus compared toM. galloprovincialis, and its
propensity for forming monolayered mats (de Greef
et al. 2013), it is possible that relative to M.
galloprovincialis, S. algosus beds may reduce com-
plexity and also abundance and species richness.
Nevertheless, S. algosus generates a more complex
habitat than bare rock, and Tokeshi and Romero
(1995) have shown that in South America its beds
support a greater abundance of marine invertebrates
than the bare rock it occupies.
Expectations versus observations
Using the habitat complexity values calculated for
each zone in each of the three periods we examined,
we made a priori predictions of how changes in habitat
complexity induced by the alien species would affect
total abundance and diversity on Marcus Island. We
could then match these expectations against our
observations, as summarised in Fig. 8. Based on these
changes (or lack of changes) in habitat complexity, we
expected corresponding responses in abundance and
diversity (Fig. 8a). These expectations were largely
met. Of the 20 forecasted responses, 18 accorded with
expectations, with rises and falls of abundance and
diversity following parallel courses to those of habitat
complexity (Fig. 8b). The net result was that there
were significant positive correlations between habitat
complexity and both abundance and diversity, sup-
porting our first hypothesis. Strikingly, Zone 1, the
only zone that was not invaded and in which habitat
complexity did not change, did not experience any
changes in either abundance or diversity. These
findings align with others considering marine (Crooks
and Khim 1999), freshwater (Ricciardi et al. 1997) and
terrestrial systems (Crooks 2002), showing that habitat
complexity is a central factor influencing abundance
and diversity. There are, however, exceptions. Gestoso
et al. (2013) found that in Ria de Vigo in Northwest
Spain, the more complex matrices of Limnoperna
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Fig. 8 a Habitat diversity
calculated for each of the
time periods examined.
b Expected relative changes
of abundance (grey bars)
and diversity (black bars),
predicted from changes in
habitat complexity.
c Observed changes in
diversity of abundance. All
scales are relative, with
those in (a) and c being
proportional to actual
values. Zone 4 was omitted,
as habitat complexity could
not be calculated for that
zone (see ‘‘Materials and
methods’’ section). Arrows
show whether there was no
significant change, or a
significant increase or
decrease
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securis, an invasive mussel, supported significantly
less macrofaunal abundance compared to simpler
clumps of the nativeM. galloprovincialis, and that the
two species did not differ significantly in terms of
macrofaunal diversity.
We did see small departures from our expectations
in Zones 3 and 6 (Fig. 8b). The unilayered and tight-
fitting barnacle bed that occupied Zone 3 in 2012
decreased habitat complexity significantly, and we
anticipated that with the decrease in potential living
space previously provided by the complex Mytilus
aggregations, the abundance of invertebrates would
also decrease—but it did not. The main reason was
that the barnacles occupied the same primary substrate
area as the mussels, but in greater numbers due to their
smaller size, thus maintaining overall abundance. The
number of species did, however, decrease significantly
with the decline in habitat complexity as forecasted. In
Zone 6, we expected no change in abundance and
diversity over time (Fig. 8a) on the grounds that the
zone remained mussel-dominated over the three study
periods, and habitat complexity did not change
materially. However, from 2001 to 2012 there was a
significant increase in total abundance. This unex-
pected outcome could have had a number of causes,
both physical and biological (Connell 1972), as we
elaborate below.
Factors interacting with habitat complexity
Physical factors, such as desiccation and temperature,
tend to limit how far up the shore marine species can
penetrate (Connell 1972; Bustamante et al. 1997;
Somero 2002), and this establishes declining trends of
biomass and diversity up the shore. Physical stresses
associated with zonation therefore act in conjunction
with habitat complexity. Zone 1, for example, is likely
beyond the upper limit of the three aliens and so this
zone was never invaded. When M. galloprovincialis
dominated Zones 2–6 in 2001, its aggregations
provided shelter from physical stresses, extending
the upper limits of native species that occurred within
the mussel bed because it moderated the normal
gradient of physical stress. Thus, there was an increase
in abundance and diversity in these zones and
consequent homogenization of the shore. When M.
galloprovincialis receded from these zones and B.
glandula developed a unilayered bed in Zone 3,
physical stresses are likely to have increased again,
decreasing species richness. The normal gradient of
physical stresses up the shore was therefore moderated
by alien species that provided varying degrees of
shelter.
The intensity of recruitment of the various alien
species will also have a critical influence on the
magnitude of their effects (Underwood and Fairweath-
er 1989). The initial appearance of M. galloprovin-
cialis was associated with a heavy settlement that
covered most zones when we surveyed the shore in
2001; but subsequently its domination of the shore
declined, as subsequent recruitment failed to match
mortality. This was most likely not a unique event;
recruitment ofM. galloprovincialis has been shown to
vary year to year at various sites (Reaugh-Flower et al.
2011). Its spread has been documented along the west
coast at a rate of 115 km/year northward and 25 km/
year southward (Branch and Steffani 2004), and it only
takes 5 years from time of arrival for the mussel to
dominate 50 % of the available space, particularly on
wave-exposed shores like Marcus Island (Branch et al.
2008). Similarly, B. glandula rapidly spread along
400 km of coastline in South Africa and is now the
dominant barnacle at most west coast sites (Laird and
Griffiths 2008). Initially, it settled abundantly at
Marcus Island and covered a high percentage of the
rock face in Zone 3; but later its abundance and cover
declined as recruitment weakened (unpublished data).
The recruitment of S. algosus tends to vary site to site
(Reaugh-Flower et al. 2011), but its range is currently
500 km along the west coast of South Africa and, like
M. galloprovincialis, it is now a dominant species on
wave-exposed shores (de Greef et al. 2013).
Other biological factors can also influence com-
munity structure (Connell 1972; Bustamante et al.
1997). For example, with an increase in habitat
complexity, there is a potential increase in energy
pathways and interception of organic matter (Kov-
alenko et al. 2012), as well as additional nutrition from
detritus accumulating in the beds of mussels (Such-
anek 1985). However, previous studies have demon-
strated that nutrients provided by beds of various
mussel species fail to have an effect on community
composition, biomass or abundance (Crooks and
Khim 1999; Valdivia and Thiel 2006; Firstater et al.
2011). Rather, the effects of the mussel structure on
communities seem dominant. We cannot rule out the
effects of nutrition in our study, and it is possible that
changes in the flow of nutrients through the more
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complex, multilayered structure of the mussel bedmay
have influenced community composition. Neverthe-
less, the changes we recorded were tightly correlated
with alteration of habitat complexity associated with
the arrival of the alien species.
Differences in tolerance among species may also
influence where they live on the shore and their relative
abundance. For example, on the south coast of South
Africa, M. galloprovincialis coexists with the indige-
nous Perna perna because they prevail in different
zones:M. galloprovincialis is largely excluded from the
low-shore because its weaker powers of attachment
make it susceptible to wave action, whereas P. perna is
less tolerant of desiccation and has a lower survival
rates higher up the shore (Zardi et al. 2006; Bownes and
McQuaid 2006, 2010).
Differences in biology between the indigenous M.
galloprovincialis and the alien L. securis in Spain may
explain why the latter supports a lower abundance of
infauna despite generating a greater habitat complexity
(Gestoso et al. 2013). For example, relative to M.
galloprovincialis, L. securis has an inferior byssal
strength, higher mortality and slower growth, and
occupies brackish rather than marine waters (Barbarro
and Abad 2013; Guerra et al. 2013). Thus, differences in
longevity, shell characteristics and habitat conditions
may help determine diversity and abundance of the
faunal communities associated with different mussel
species.
Similarly, biological differences may also explain
why community composition changed in the low-shore,
when we expected no change given that the low-shore
remained a mussel-dominated zone throughout time,
albeit with different species being involved. We
hypothesized that all mussel species would have an
equal effect on community, and in reality, this was not
true. In Zone 5whereA. atrawasmostly replaced byM.
galloprovincialis in 2001, habitat complexity, abun-
dance and diversity all declined. This may relate to
differences in shell morphology, as A. atra has a ribbed
surface (and therefore larger surface area) in contrast to
the smooth shells of M. galloprovincialis; or it may be
due to differences in the mussels’ ability to clean their
shells (Thiesen1972).On thewest coast ofSouthAfrica,
M. galloprovincialis has a competitive advantage on
exposed shores, where it outcompetes native A. atra for
primary space (Branch et al. 2010), but provides
secondary substratum for smaller individuals and pro-
motes recruitment of both A. atra and S. granularis.
M. galloprovincialis also grows faster than C. meridio-
nalis and A. atra on intertidal shores, and has a lower
mortality due to greater tolerance of desiccation (van
Erkom Schurink and Griffiths 1993). Therefore, though
A. atra may provide habitat for more individuals, M.
galloprovincialismay provide a substratum that can be
used by a wider selection of invertebrate species. This,
along with the unexpected changes in community when
Zone 6 transformed from one largely dominated byM.
galloprovincialis in 2001 to amixedmussel assemblage
in 2012, is in contrast to our second hypothesis, and
indicates that not all mussels provide equal habitat
complexity. It was difficult to discern the ecological
impacts of S. algosus onMarcus Island, but its arrival in
Zone 6 in 2012may have contributed to complexity and
was associated with an increase in the abundance of
native species. However, homogenous beds of S.
algosus on other shores where it is more abundant
may have an opposite impact on community diversity
and abundance, given its propensity to form low
monolayers (de Greef et al. 2013).
Community responses
Following the findings of Robinson et al. (2007a), our
third hypothesis was that community composition
would be altered by the arrival of successive alien
species. Indeed, significant changes in community
structure were evident whether the alien species
themselves were included in the analyses or not. This
is indicative of the changes not being simply due to the
addition of the alien species, but reflecting alterations in
the indigenous component of the community. More-
over, the magnitude of the change was related to the
degree to which the alien species altered habitat
complexity, and there was a strong correlation between
habitat complexity and both diversity and abundance.
McKinney (1998) and Thompson et al. (2002) have
cautioned that the spread of aliens is likely to lead to
global homogenisation of biota, but our data reveal an
additional form of homogenisation—among zones on
the shore we studied. Not only did community
composition diverge from the original state, but it
became relatively homogeneous over Zones 2–6 when
they were invaded by M. galloprovincialis, with
dispersion of the data decreasing significantly. This
condition was, however, not sustained. As M. gallo-
provincialis declined and B. glandula and S. algosus
colonised the shore, community composition became
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more heterogeneous in 2012 and dispersion increased
among zones once more.
Effects such as those we describe are not confined
to rocky substratum. On the soft substratum of
Langebaan Lagoon, adjacent to Saldanha Bay, an
invasion by M. galloprovincialis led to an increase in
habitat complexity above the sediment, with parallel
increases in abundance, diversity and biomass of
associated infauna. However, the mussel bed isolated
the sediments below, leading to a depletion of oxygen
and a diminution of all three variables there (Robinson
et al. 2007b).
Although our data point strongly to habitat com-
plexity as the driver behind diversity and abundance,
the proximate causes could be diverse, and may
include alteration of water flow and sedimentation,
protection from desiccation and thermal stress shelter
from predators, and competition.
Responses of individual species
Three types of responses were detected in the species
we selected a priori for analysis, with different likely
proximate causes. First, A. knysnaensis and O. mac-
ulata appeared to benefit from the alien species that
provided protection from desiccation or wave action.
O. maculata increased and then decreased in abun-
dance with the arrival and subsequent recession of
Myltilus galloprovincialis. Being a naked mollusc, O.
maculata will be particularly prone to desiccation and
would benefit from protection from water loss. The
increase in abundance of A. knysnaensis from 2001 to
2012 in Zone 3 appeared to mirror the B. glandula
invasion, and the two were positively correlated, as
Laird and Griffiths (2008) previously recorded. In
Washington, USA, Littorina species are also posi-
tively influenced by barnacles, whereas barnacle
recruitment is negatively impacted by the littorinids
via unknown mechanisms (Harley 2006). It appears
that on the high- to mid-shore, desiccation-prone
species such as O. maculata may be protected from
water loss by living in and amongst M. galloprovin-
cialis, and A. knysnaensis may secure shelter from
wave action in B. glandula beds.
Second, competitive interactions between invaders
and space-occupying natives were likely. C. meridio-
nalis initially dominated Zone 6 and was common in
Zones 4 and 5, but by 2012, it had completely
disappeared. C. meridionalis has a lower reproductive
output thatM. galloprovincialis (van Erkom Schurink
and Griffiths 1991), but is the only local mussel that
can thrive in sandy conditions, while other species die
if they are smothered by sand (Hockey and van Erkom
Schurink 1992). Although the invasion by M. gallo-
provincialis was associated with an intertidal extinc-
tion of this native mussel at Marcus Island, it is
unlikely to be displaced from silted and subtidal areas
(Barkai and Branch 1988) where M. galloprovincialis
is rarely found (Hockey and van Erkom Schurink
1992). We cannot conclusively ascribe the disappear-
ance of C. meridionalis to competitive displacement,
but our data do constitute the first documentation of its
replacement by M. galloprovincialis. The causes of
changes in the abundance of A. atra are more
ambiguous. Following arrival ofM. galloprovincialis,
it increased in some zones while decreasing in others.
Field observations elsewhere on the west coast of
South Africa failed to detect changes in its abundance
after M. galloprovincialis invaded (Branch et al.
2008), but experimental thinning of the alien demon-
strated that A. atra is outcompeted by this alien mussel
(Branch et al. 2010). This accords with its slower
growth, smaller reproductive output, and lower toler-
ance of desiccation (van Erkom Schurink and Griffiths
1991, 1993; Branch and Steffani 2004).
Third, S. granularis combined the effects of both
protection from physical stress and competitive dis-
placement, depending on its stage of development. M.
galloprovincialis has negative impacts on adults of S.
granularis because they are too large to survive on its
shells and are displaced from primary substratum by the
mussels. However, recruits of this limpet survive in
greater numbers on shells of the mussels that on bare
rock (Hockey and van Erkom Schurink 1992; Branch
et al. 2010). M. galloprovincialis deceases the abun-
dance of large adult limpets, reducing by half the
median size of the limpets (Griffiths et al. 1992; Hockey
and van Erkom Schurink 1992). In 1980, small numbers
of large S. granularis occupied bare rock on Marcus
Island in Zone 3, but by 2001 its densities were
appreciably greater, but its average size much smaller
(Robinson et al. 2007a). Limpets can clear away
barnacles by bulldozing (Wootton 1993; Menge et al.
2010), but in Zone 3, S. granularis decreased in
abundance in 2012whenB. glandula invaded, probably
because the densely-packed barnacles constituted a
poor substratum for grazing, and the limpets were at
that stage too small to remove the barnacles.
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Strengths and weaknesses of our study
Marcus Island is the only site on the west coast of
South Africa with historical data that includes pre-
invasion information, and there are no longer any
equivalent sites where the aliens are absent, so it was
not possible to compare our results to a control
situation, and this limits the generalisation of our
conclusions. However, the fact that all three aliens
now occur over wide stretches of the open coast
(Branch and Steffani 2004; Laird and Griffiths 2008;
de Greef et al. 2013) makes it likely that our
conclusions will be applicable elsewhere along the
South African west coast. The greatest strength and
novelty of our study lies, however, in the application
of a novel method allowing retrospective calculation
of habitat complexity from historic data for abundance
and morphometric dimensions of dominant species.
Conclusions
Our findings revealed that alterations in habitat com-
plexity, as measured by the potential amount of
available interstitial space in our models, yielded
corresponding increases and decreases of abundance
and diversity of marine invertebrates related to the
arrival and subsequent changes in abundance of alien
species, thereby supporting our first hypothesis. The
appearance of S. algosus failed to alter habitat com-
plexity or to influence diversity and abundance of the
infauna, thus according with our second hypothesis.
However, this should not be taken to mean that
replacement of one mussel species by another will
automatically perpetuate the status quo. Where M.
galloprovincialis replaced C. meridionalis at the bot-
tom of the shore, habitat complexity did indeed remain
unaltered; but in the zone above where it displaced A.
atra, habitat complexity diminished, and there were
corresponding reductions of diversity and abundance.
The invasions by alien species that changed habitat
structure and altered complexity consequently dramat-
ically altered the recipient intertidal communities,
upholding our third hypothesis. The magnitude of the
changes reflected the extent to which the various alien
species altered habitat complexity. With the initial
arrival ofM. galloprovincialis, habitat complexity was
raised to a uniformly high level across all zones of the
shore bar the uppermost zone, creating homogeneously
high levels of diversity and abundance across theses
zone.AsM.galloprovincialis receded andwas replaced
by B. glandula in Zone 3, the associated decline in
habitat complexity reduced diversity, although settle-
ment of B. glandula was sufficiently dense to maintain
overall abundance. However, habitat complexity did
not act alone in determining community structure, as its
effects were combined with those of vertical zonation.
Biological interactions and physiological traits of both
alien and native species occupying different zones
would also have influenced intertidal community
structure, and inter-annual differences in intensity of
recruitment will significantly have affected the effects
of the various alien species. M. galloprovincialis, B.
glandula and S. algosus are all common alien ecosys-
tem engineers along the South African coast and their
sequential invasions have altered structural complexity
considerably, with profound implications for diversity
and abundance.
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